We report investigations of the heat transfer in scanning tunneling microscopy and scanning thermal microscopy under ultrahigh vacuum conditions. The distance dependence of the heat transfer is found to increase significantly for tip-sample distances smaller than several 10 nm, indicating the existence of a proximity effect in heat transfer between tip and sample. Upon scanning the thermal probe over the sample, topographic features of the sample can be clearly seen in the thermal image with down to 10 nm size.
I. INTRODUCTION
Scanning probe microscopy has become a versatile tool to investigate surface properties with up to atomic resolution. 1 The atomic force microscopy ͑AFM͒ 2 and the scanning thermal profiler ͑STP͒, 3 as invented in 1986, are both capable to measure the surface topography of electrically insulating samples. Although the STP could not reach the lateral resolution of the AFM in the topographic mode, a renaissance of the STP occurred during the recent years. In STP, or nowadays called SThM ͑scanning thermal microscope͒, a small temperature-sensing tip is scanned across the surface of a sample, while a temperature gradient is present between the tip and the sample. Thermocouples, resistance thermometers, or Schottky diodes have been used to build small sensing tips. Several authors [4] [5] [6] used the SThM in order to measure properties like the thermal conductivity and the diffusivity, to determine the composition of the sample, or to map the temperature distribution of electronic devices with down to 10 nm spatial resolution and sub-mK temperature sensitivity. Although there is a wide variety in the experimental setup, most of these SThM have been designed on the basis of an AFM ͑compared to the STM͒ and are operated under ambient conditions, like room temperature, atmospheric pressure, and moisture. This is quite obvious, since the AFM is much more suitable for the investigation of microelectronic devices or biological objects. Furthermore, a higher reproducibility in the fabrication of ultrafine thermal probes on AFM cantilevers can be achieved using micromachining techniques. [7] [8] [9] Though the SThM is a tool with still increasing capabilities, the mechanisms of the heat transfer between tip and sample are still not clear. 10 Several models have been discussed in literature, like infrared radiation, heat conduction and convection through the surrounding gas or heat conduction via a liquid film bridging the space in between. When operating an SThM under ambient conditions, a liquid-film bridge connecting tip and sample has been proposed to be the major heat conduction mechanism. 11 Proofs are based on calculations of the magnitude of the heat transfer and the influence of the sample topography. Under ultrahigh vacuum ͑UHV͒ conditions, it is obvious that a liquid-film bridge is not present and radiation has to be considered for the heat transfer between tip and sample. But radiation heat transfer described by the Stefan-Boltzmann law exhibits no distance dependence. Further, if distances are smaller than the dominant wavelength Th of the blackbody radiation, which is in the order of 10 m at room temperature, the StefanBoltzmann law is no more valid and proximity effects with a strong distance dependence, as predicted by Polder and Van Hove 12 or Dransfeld and Xu, 13 will contribute mainly to the heat transfer. The prediction of Dransfeld is based on the generation of evanescent electromagnetic fields due to thermally excited charge-density fluctuations in the sample and the absorption of these fields in the tip, which will therefore be heated. For distances z smaller Th , the prediction distinguishes two different regions: First, these evanescent fields yield to a 1/z 3 -increase of the heat transfer with decreasing tip-sample distance z. On the other hand, the minimum wavelength of these electromagnetic fields is restricted by the electronic mean free path of the conducting electrons in the case of metallic samples. Therefore, if the tip gets closer to the sample, no further increase of the heat transfer should be observed, if tip-sample distances z become less than the electronic mean free path, being in the order of some 10 nm at room temperature. Furthermore, the heat transfer should be proportional to the square of the temperature difference between tip and sample, which can be linearized if the temperature difference is small compared to the mean temperature. Up to now, there has only little experimental data been published on the topic of the distance dependence of heat transfer at small distances. Early measurement indicate an increase of heat transfer at small distances 14, 15 and therefore confirm the first measurements of Williams et al. More recently, using a more sophisticated setup, Xu et al. 16 could not observe the predicted proximity effect in heat transfer within their sensitivity limits.
In this article, we investigate the heat transfer between a tip and a sample under UHV conditions with two different experimental setups. In the STM setup, the heat transfer between a metallic tip and a planar thermocouple is measured. In the SThM setup, a thermocouple tip and a metallic sample are used. A temperature gradient is generated by cooling the a͒ Electronic mail: wolfgang.mueller@uni-oldenburg.de sample. The measured distance dependence indicates the existence of a proximity effect of the heat transfer in UHV and the dependence on the temperature gradient is found to be linear. Due to our experimental setup, we are not able to determine absolute values for the heat transfer so far. Therefore, on the basis of our measurements, we are not able to prove the validity of the theoretical predictions. However, the strong distance dependence of the heat transfer is observed in two different experimental setups and due to this distance dependence, the topographical structure of the sample can be clearly seen in the map of the thermovoltage with features down to 10 nm size.
II. EXPERIMENTAL DETAILS

A. Microscope setup
In our experiments, we use a STM and a SThM setup in order to investigate the heat transfer between the tunneling tip and a cooled sample. The two different experimental setups are depicted in Fig. 1 . Both setups are based on a commercially available UHV-STM 17 with a cooling stage for the sample. Upon cooling with liquid nitrogen, the sample reaches a temperature of approximately 100 K. The temperature distribution in the tip and the microscope head has not been calculated nor measured so far, but since the scan range of the microscope on atomic scale is not affected prior to cooling of the sample, 17 the temperature of the microscope scanner can be estimated to remain at room temperature. However, a temperature gradient will exist in the tip and the microscope head. All measurements are performed at a base pressure of 10 Ϫ10 mbar. To control the tip-sample distance in the tunneling regime the STM or the SThM are operated in the constant-current mode with the feedback loop closed and the thermovoltage V Th , the tunneling current I T , and the feedback signal V z of the z-piezo are measured simultaneously. To investigate the distance dependence of the heat transfer, the tip is retracted from the surface with the feedback opened being switched off. In this case, V Th and I T are measured simultaneously, whereas the voltage V z applied to the z-piezo determines the value of the tip retraction z. The thermovoltage is measured with a Keithley 1801 preamplifier in the STM setup and a Stanford Research SR560 preamplifier in the SThM setup which are connected to a 16-bit A/D input of the microscope control unit. The noise levels of the feedback signal (⌬V z ϳ0.2 nm͒, the tunneling current (⌬I T ϳ8 pA͒, and thermovoltage measurement in the STM (⌬V Th ϳ30 nV͒ and in the SThM setup (⌬V Th ϳ540 nV͒ were determined with the sample being cooled down to approximately 100 K and the tip being in tunneling contact without scanning the tip. The noise levels ⌬I T and ⌬V Th in the measurement of the distance dependence are reduced by a factor of 10 due to an increase of integration time and an additional averaging.
For the STM setup, an etched tungsten tip was used and the cooled sample was built as a planar two-junction thermocouple ͑TC͒ sample as shown in Fig. 1͑a͒ . To measure the heat transfer between the tip and the cooled sample in the SThM setup, a TC tip as sketched in Fig. 2 , and a sample consisting of a 100 nm Au film evaporated on a freshly cleaved mica substrate was used. Let us assume, a proximity effect in heat transfer exists in a way, that an additional heat flow will warm up the sample in the vicinity of the tip, and FIG. 2. Sketch of the microscope head ͑parts 1-6͒ and thermocouple tip ͑parts 8-12͒ as used in the SThM setup. The microscope head consists of the scanner tube ͑1͒, a radiation shield ͑2͒, and an insulating spacer ͑3͒ glued on top. A yoke of steel ͑4͒ contacts the nickel wire. A spring loaded, Auplated contact ͑5͒ and a magnet ͑6͒ is used to hold the tip magnetically and to contact the tip holder. The thermocouple tip consists of a silver-steel tip holder ͑8͒, a 200 m thick nickel wire ͑9͒ is glued into the tip holder with electrically insulating Stycast 2850FT epoxi-resin ͑10͒. The wire is covered with a 10 m thick photoresist layer ͑11͒ with the tip being uncovered over a length of approximately 400 m due to a photolithography step. A 30 nm Au coating is evaporated onto the tip to form the thermocouple junction ͑J1͒ at the tip. Three dashed circles indicate parasitic thermoelectrically interconnections of the thermocouple tip and the microscope head. Copper wires ͑7͒ are used to connect the thermocouple tip to an amplifier. FIG. 1. Schematic drawing of the experimental setup. ͑a͒ A STM tip probes a thin film thermocouple ͑TC͒. The tip is located close to one of the TC junctions ͑J1͒. The thermovoltage V Th generated between J1 and J2 is measured simultaneously with the tunneling current I T . ͑b͒ A fine thermocouple tip consisting of two different metals M1, M2 is placed in the scanner tube and probes the sample. To avoid electrical interference, the tunneling voltage is applied to the sample. the very end of the tip will be cooled, whenever the temperature gradient is present. Further, we assume the heat flow to depend on the tip-sample distance. Using the STM setup, the tip is located at junction J1 of the TC sample, and J1 ͑sensing junction͒ will be warmed up with respect to J2 ͑reference junction͒, due to the presence of the tip. Using the SThM setup with the TC tip, junction J1 will be cooled with respect to J2. In both setups, we are measuring a change in heat flow by means of a change of the thermovoltage between J1 and J2.
B. TC sample preparation
To investigate the heat transfer with the STM, we decided to fabricate small and flat thermocouple devices to be used as a sample and to detect the heat transfer between the tunneling tip and the sample. The planar TC sample is fabricated on a glass substrate using simple mechanical masks and electron-beam evaporation methods. It consists of a stripe of 100 nm thick Ni, 8 mm length, and 0.2 mm width and a second layer on top, consisting of two stripes of Au of equal dimension. The thermocouple junctions J1 and J2 are 0.2 ϫ0.2 mm 2 in dimension and 4.5 mm apart. Placing both junctions ͑J1, J2͒ of the TC sample on the same substrate and coupling them equally to the thermal bath of the cooling stage, provides a minimum of thermovoltage offset when cooling down the TC sample. To measure the thermovoltage, 50 m thick Au wires are glued onto the Au stripes. To determine the temperature difference between J1 and J2 in our measurements, tabulated values of the thermopower of 10 V/K at 100 K for the Au/Ni thermocouple are used.
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C. TC tip preparation
In the SThM setup, we use a fine thermocouple as shown in Fig. 2 , similar to the original design concept of Williams and Wickramasinghe. 3 In an initial step, a tip is mechanically ground on a 200 m Ni wire resulting in a radius of curvature of approximately 1-2 m. The wire is then dipped into a photoresist and afterwards, the very end of the tip is exposed to light. Then the exposed resist is removed, leaving a free area at the tip of about 400 m length. The tip is mounted into a stainless-steel tip holder, and a 30 nm Au coating is finally evaporated onto the tip. Inside the vacuum chamber, the tip is held magnetically in the microscope head, which also ensures the electrical connections to the TC tip. The thermoelectric circuit consist of the sensing Au-Ni junction at the tip ͑J1͒, the reference junctions at the microscope head ͑J2͒ which are assumed to have the same temperature during the measurement, and three parasitic thermoelectric junctions with unknown temperature. The thermopower of the TC tip, mounted in an identical exvacuum microscope head, has been measured by dipping the tip into a bulb of heated diffusion-pump oil. Therefore, the measured value of 11 V/K for the thermopower includes the influence of all thermoelectric junctions of the circuit and is a measure for the temperature difference between the sensing junction ͑J1͒ and the reference junctions ͑J2͒. The thermal relaxation time of the TC tip has been determined to be in the order of 600 ms.
D. Restrictions for the quantitative analysis of the heat transfer
Due to the use of many different materials in our setup and further, the existence of interfaces with unknown thermal properties, calculations of the temperature distribution, the heat transfer rate, and the dynamic behavior of the experimental setup have not been performed so far. We also have no knowledge about the exact shape at the very end of our tips. Therefore, we are not able to determine the absolute amount of heat flow over the vacuum gap from our measurements, nor the sensitivity of our setup. However, all measurements are performed sufficiently slow to ensure steady state conditions. During a measurement, only one system parameter ͑e.g., the tip-sample distance or temperature of the sample͒ is changed. If the heat transfer between tip and sample changes due to the measurement, the temperature distribution in tip and sample will change. Although J2 is not kept on a defined temperature, its temperature change due to a change in heat transfer can still be described by Fourier's law and therefore will only affect the magnitude of the measured thermovoltage but not the slope of variation.
III. RESULTS
A. Distance dependence of the heat transfer
To investigate the heat transfer with the STM setup, the TC sample is cooled down to a temperature of approximately 100 K. With the tip being retracted several mm from the sample surface, we have determined the thermovoltage offset due to radiation heating from the surrounding and nonuniform coupling of the sample to the cooling plate to be in the range of 40 V. The tip is then brought into tunneling distance at J1 of the planar TC sample and an additional heat flow from the warm tip to J1 results in a further change of the thermovoltage varying from 150 to 400 nV. Subtracting the thermovoltage offset, the signal-to-noise ratio is in the order of 20. The tunneling distance, which is the initial distance at the start of the measurement, is in the range of Angstroms and is slightly depending on the chosen values of the tunneling voltage and current ͑setpoint͒. The measurement of the distance dependence is started by opening the feedback loop. Then the tip is slowly and stepwise retracted 12 nm from the surface in a total of 200 steps. The value of the tip retraction z at each step is determined by the voltage V z applied to the scanner and has been calibrated by the manufacturer on atomic scale imaging. At each step, thermovoltage V Th and tunneling current I T are integrated over 10 ms, after passing a 6 ms delay. The integration and delay time have be chosen sufficiently long to ensure steady state conditions and a further increase does not change the results. If the tip is retracted further, no further decrease of the thermovoltage has been observed within the noise level of the experiment. Each curve is an average of 20 measurements obtained at one location on J1. Figure 3͑a͒ shows a log-log plot of the thermovoltage V Th versus the tip retraction z with varying setpoints, and an inset, showing a lin-lin plot of thermovoltage V Th and tunneling current I T versus tip retraction z of one measurement. To show only the variation of the thermovoltage during retraction, the thermovoltage offsets given at zϭ12 nm, have been subtracted in Fig. 3͑a͒ . As can be seen from the inset, the tunneling current decreases from the setpoint value (I T ϭ9 nA͒ to zero on a length scale below 1 nm, whereas a decrease of the thermovoltage can be detected on a larger length scale of about 8 nm. In the log-log plot, two measurements are shown and the change of thermovoltage varies by a factor of 2. Since the setpoints of both measurements are equal and only differ by the sign of the tunneling voltage, this variation is not correlated to different initial distances. More likely, it will be caused by a lateral drift of the tip. The influence of the tunneling current on the thermovoltage can be seen for distances below 0.4 nm. For each measurement, two curves are plotted in the log-log plot. The curves with small filled symbols refer to the measured values of the thermovoltage and exhibit an increase if I T Ͻ0 and a decrease if I T Ͼ0 on the first 0.4 nm of retraction. This behavior can simply be explained by the ohmic law, since the tunneling current causes an additional voltage drop due to the resistance R TC of the TC sample ͓cf. Fig.  1͑a͔͒ . The corrected curves V Th Љ (z)ϭV Th (z)ϪI T *R TC (R TC ϭ5.15 ⍀͒ are shown with large open symbols and the slope is now independent of the sign of the tunneling current. This correction further implies, that no ohmic heating of J1 due to the tunneling current is seen in our measurement, which would increase the thermovoltage independently of the sign of the tunneling current. Additional I T ϪV T spectroscopy measurements with opened feedback loop ͑i.e., constant distance͒ also exhibit no ohmic heating (V Th ϳ PϳI T 2 ) due to the tunneling current. The log-log plot is used to test, whether the distance dependence could be descried by a power law, as predicted by theory. Since the variation of distance and thermovoltage are only two orders of magnitude, we are aware that the use of a log-log plot is critical. However, only in the range from 3 to 12 nm, we find a mediocre agreement with respect to a 1/z 3 dependency indicated by a bold line in Fig. 3͑a͒ .
The measurement using the SThM setup ͓Fig. 3͑b͔͒ has been performed with the same procedure as described for the STM setup. Upon cooling the sample to approximately 100 K the thermovoltage offset of the TC tip is about 18 V, if the tip is retracted several mm. The further change of thermovoltage, if the tip is brought into tunneling distance is about 10 V. Subtracting the thermovoltage offset, the signal-to-noise ratio is 200, which is an improvement of 10, compared to the STM setup. Due to the thermal relaxation time of the TC tip ͑600 ms͒, the measurements have to be performed much slower than with the STM setup. At each of the 50 steps during the retraction of the tip, thermovoltage V Th and tunneling current I T are integrated over 5 ms, after passing a 800 ms delay and each curve is an average of 20 retraction measurements. Due to an increased thermovoltage signal and a decreased initial tunneling current no voltage drop can be detected in the SThM setup. Comparing the overall shape of the distance dependence of the thermovoltage in Figs. 3͑a͒ and 3͑b͒, we find similar behavior with both experimental setups. Due to the improved signal-to-noise ratio of the SThM setup, the decrease of the thermovoltage can be detected on a length scale of about 15 nm. However, the log-log plot in Fig. 3͑b͒ does not indicate a decrease according to a power law, as well as the decrease does not fit to a simple exponential decay ͑not shown͒. Therefore, both measurements exhibit a heat transfer with a strong distance dependence but reject a straightforward explanation.
B. Gradient dependence of the heat transfer
To evaluate the dependence of the heat transfer on the temperature difference across the vacuum gap, the temperature of the sample has been changed, while the TC tip is kept in constant distance from the sample ͑constant current mode͒. Cooling down to sample slowly, the temperature of the cooling plate and the thermovoltage of the TC tip are measured as shown in Fig. 4 . As pointed out in Sec. II D we cannot measure the absolute temperature of the sample surface nor of the very end of the TC tip to determine the temperature difference across the gap. However, the heat flow in from the cooling plate to thermal ground passes through the sample, the vacuum gap, the TC tip, and the microscope head and can be described in first order by a series connection of the thermal resistances. Except the vacuum gap with unknown properties, the heat flow in the sample, the TC tip, and the microscope head can be assumed to be linear with respect to the temperature gradient. Therefore, if the measured thermovoltage exhibits a linear dependence on the temperature of the cooling plate as shown in Fig. 4 , we conclude the heat flow through the vacuum gap to have a linear dependence on the temperature gradient as well. Due to the lack of knowledge of absolute temperatures in our setup, a comparison with the theoretical predictions would be premature.
C. Topographical imaging
The SThM is a tool to scan surfaces and to obtain maps of the temperature variation on the sample surface or maps of the variation in the thermal conductivity. Similar to other scanning probe microscopes techniques, a detailed understanding of the interaction between the probing tip and the sample is crucial for the interpretation of the mapping. In SThM, the influence of sample topography has to be checked. Upon operation under UHV conditions, the thermal conductivity of the vacuum gap is orders of magnitude smaller than thermal conductivity of solids. Therefore, if no localized heat generation occurs in the sample, its temperature distribution should be homogeneous. Figure 5͑a͒ shows the topographical image of a cooled Au sample obtained in the constant-current mode and therefore at constant tipsample distance. The simultaneously recorded image of the thermovoltage is depicted in Fig. 5͑b͒, clearly showing a contrast, which is correlated to the sample topography. Performing the same measurement with the sample at room temperature, no contrast can be seen in the thermovoltage map, indicating that the contrast in Fig. 5͑b͒ is due to a variation of heat transfer. Nevertheless, if the sample surface roughens, one has to take care on crosstalk originating from the voltage applied to the z-piezo, as well as to deviations from scanning at constant distance due to errors of the feedback loop. Upon scanning, the interaction via electron tunneling is held constant and can be assumed to be point-like in lateral directions, whereas an area comparable to the decay length of the heat transfer contributes to the variation of the heat transfer. Therefore, the heat transfer increases if the tip moves into a topographic dip and decreases on a topographic hill. This behavior can be seen in Fig. 5͑c͒ , showing line scans of the topographic signal and the thermovoltage. Although we do not use a very sharp tip and further, the size of the thermal sensor is large compared to the topographic structure of the sample, topographical features of 10 nm size can clearly be identified in the thermovoltage. Therefore, we conclude that similar to scanning tunneling microscopy, the imaging capability mainly depends on the decay length of the detected interaction as long as the surface is flat. Reducing the sensor size improves the thermal response time and, hence, the scan speed can be higher and a sharper tip is necessary when tunneling and thermal mapping is done on rough surfaces.
IV. CONCLUSION
The heat transfer between a tip and a cooled sample at close proximity has been investigated under UHV conditions. We observe a strong decrease of the heat transfer with increasing tip-sample distance on a length scale of about 10 nm and a linear dependence of the heat transfer on the temperature difference between tip and sample. The experimental results have been discussed with respect to the concept of radiation near-field coupling as proposed by Dransfeld et al., but the measured distance dependence seems to be stronger than predicted. The lack of the knowledge on detailed thermal properties of our experimental setup, needed to quantify the heat flow through the vacuum gap, prevents a more detailed discussion. Via scanning a sample with the TC tip, topographical structures with down to 10 nm size can be seen in the map of the thermovoltage, which is in good agreement with the measured decay length of the heat transfer.
